Bacterial biofilms are associated with secondary gold grains from two sites in Australia. 16S ribosomal DNA clones of the genus Ralstonia that bear 99% similarity to the bacterium Ralstonia metallidurans-shown to precipitate gold from aqueous gold(III) tetrachloride-were present on all DNA-positive gold grains but were not detected in the surrounding soils. These results provide evidence for the bacterial contribution to the authigenic formation of secondary bacterioform gold grains and nuggets.
Bacterial biofilms are associated with secondary gold grains from two sites in Australia. 16S ribosomal DNA clones of the genus Ralstonia that bear 99% similarity to the bacterium Ralstonia metallidurans-shown to precipitate gold from aqueous gold(III) tetrachloride-were present on all DNA-positive gold grains but were not detected in the surrounding soils. These results provide evidence for the bacterial contribution to the authigenic formation of secondary bacterioform gold grains and nuggets.
T he origin of secondary gold grains is controversial and widely debated in the scientific community; the two main theories are that they are detrital or are formed by chemical accretion (1) . However, there is growing evidence pointing to the importance of microbial processes in the cycling of gold (2, 3) . Common soil bacteria (Bacillus megaterium, Pseudomonas fluorescens, Bacterium nitrificans) are able to solubilize several milligrams of gold per liter of medium under in vitro conditions (2, 4) . A recent microcosm study of auriferous soils from the Tomakin Park Gold Mine in southeastern New South Wales, Australia (35-48 ¶51.9µS, 150-10 ¶26.4µE) showed that resident microbiota solubilized up to 80 wt % Ei.e., 1100 ng per g (dry weight, soil)^of native gold within 45 days of incubation (5) . In other studies, bacteria, actinomycetes, archaea, and fungi have been shown to precipitate Au(I/III) complexes under a wide range of experimental conditions (6) (7) (8) (9) (10) (11) (12) (13) 2 3-by Acidothiobacillus thiooxidans; they observed irregular, rounded gold particles and octahedral gold crystals that formed several months after bacterial growth had stopped. In field studies, structures resembling goldencrusted microfossils observed on numerous gold grains from the Americas and Australia have suggested that microbial processes contribute to the formation of secondary gold grains (14) (15) (16) (17) (18) . However, after producing similar structures with natural and artificial gold amalgams by hot nitric acid dissolution, Watterson and others concluded that the observed morphologies alone could not be considered adequate proof of the microbial origin of these grains (19, 20) . Thus, the evidence to date for an association of bacteria with gold grains and their contribution to the formation of secondary grains is at best equivocal.
Gold grains for this study were obtained from soils overlying the mineralized zones at the Tomakin Park Gold Mine and the Hit or Miss Gold Mine, the latter of which is located in tropical northern Queensland, Australia (16- 03 ¶32µS, 144-19 ¶09µE) . Primary mineralization at both sites is submicroscopic and is associated with arsenopyrite and pyrite hosted in quartz (21, 22) . In soils overlying mineralized zones, secondary gold grains (99.2 wt % fineness; table S1) ranging in size from 0.1 to 2.5 mm were obtained ( fig. S1 ). These findings indicate that gold dissolution from the host material, transport of gold Epossibly as Au(I/III)-organic complexes or colloids^, and accumulation and secondary gold grain formation had occurred in the weathering zone (23) .
Scanning electron microscopy (SEM) of gold grains revealed micrometer-sized bacterioform pseudomorphs (Fig. 1, A and B) (23) . Bacterial pseudomorphs detected on 5 of 10 grains from Tomakin Park Gold Mine and 7 of 10 from the Hit or Miss Gold Mine were spheroidal, cell-like structures with seemingly conserved cell walls (Fig. 1, A and B) . Dried organic matter was observed in areas of bacterioform gold centered on surfaces of several grains (Fig. 1A) by means of SEM combined with spot energydispersive x-ray (EDX) analysis that showed carbon, oxygen, and nitrogen ( fig. S2) (23) . It is thus likely that the observed organic matter originated from extracellular polymeric substances of bacterial biofilms. Nucleic acid staining with 4 ¶,6 ¶-diamidino-2-phenylindole (DAPI) combined with confocal stereo laser microscopy confirmed the presence of extensive biofilms on gold grains covered with bacterial pseudomorphs (Fig. 1, C and D) (23) . High-resolution imagery showed an uneven distribution of DAPI within the biofilm, indicating staining of nucleic acids within individual cells (Fig. 1D ), whereas zones without cellular structures did not stain positive with DAPI.
Twenty gold grains from each site were used as templates for polymerase chain reactions, and 16S ribosomal DNA (rDNA) was amplified from 80% of these grains (23) . Denaturing gradient gel electrophoresis (DGGE) and SYBR-Gold (Invitrogen) staining were used to separate and visualize the 16S rDNA bands, respectively (23) . The number of detected bands points to the presence of up to 30 different bacterial species on the individual grains (Fig. 2) . Analyses of DGGE fingerprints and 16S rDNA clone libraries of the bacterial communities associated with the bacterioform gold grains show that they are distinct and differ from those dominating the surrounding soils ( Fig. 2 and table S2 ) (23) . One 16S rDNA sequence was associated with all DNA-positive gold grains, irrespective of the site, but was not detected in the surrounding soils (Fig. 2) . 16S rDNA clones from this band (TG1.1 to 1.3, PG1.1 and 1.2; Fig. 2 ) displayed 99% similarity to Ralstonia metallidurans ( fig. S3 and  table S2 ).
R. metallidurans is a Gram-negative, nonspore-forming b-proteobacterium that is highly resistant to metals, grows in the presence of millimolar concentrations of dissolved heavy metals such as Ag(I), Zn(II), Cd(II), Co(II), Pb(II), Hg(II), Ni(II), and Cr(VI), and has also been shown to reductively precipitate some of these metals Ei.e., Ag(I), Cd(II), and Zn(II) ( 24, 25) . Thus, in a first set of experiments, the ability of R. metallidurans to precipitate gold by reducing soluble, toxic AuCl 4 -complexes was tested (23, 26) . In an unamended growth medium, R. metallidurans multiplied exponentially for 16 hours from the start of the incubation before reaching a stationary phase, where viable cell numbers increased from the original inoculum of 4.2 Â 10 4 cells/ml to 1.5 Â 10 8 cells/ml ( fig. S4) (23) (fig. S4 ). Initial gold precipitation by R. metallidurans was rapid, and after 8 hours of incubation, about 3 mM gold had been precipitated. Subsequently, the precipitation of gold was slower, and at the end of the experiment, after 72 hours, 5.5 mM gold had been precipitated (fig. S4 ). These results show that gold toxicity initially led to the death of more than 90% of viable cells from the original inoculum. The remaining cells were able to grow in the AuCl 4 --amended medium, indicating that R. metallidurans harbors a resistance to AuCl 4 -toxicity and is able to adapt to high gold concentrations. In a second set of experiments, the precipitation of gold by viable and lysed cells was assessed (23) . Lysed, metabolically inactive R. metallidurans cells accumulated less than 50 wt % of gold relative to biologically active cells, indicating that R. metallidurans may be able to actively reduce AuCl 4 -and accumulate metallic gold ( fig. S5) .
Two types of gold accumulation, associated with viable R. metallidurans cells, were observed. R. metallidurans accumulated metallic gold in distinct areas on or just below the cell surface (Fig. 3A) ; three-dimensional SEM imaging and SEM-EDX spot analysis showed that cells precipitated metallic gold in distinct areas within the cells close to cell walls (Fig. 3B) . Other R. metallidurans cells displayed no discrete areas of gold accumulation and appeared to be entirely covered by gold, which appeared to be associated with sulfur-and phosphorus-containing substances in the cell membrane or the cell wall (Fig. 3C) .
The biochemical mechanisms of gold precipitation in R. metallidurans are not yet understood. However, several mechanisms for heavy metal resistance have been observed in the organism, including cation efflux, cation reduction, cytoplasmic accumulation, and organic compound formation (24, 25) . Energetic considerations, based on the mechanism for reductive precipitation of monovalent silver complexes, suggest that R. metallidurans prefers to reductively precipitate gold nanoparticles from AuCl 4 -in order to detoxify its immediate environment (25) . Energy-dependent reductive precipitation of gold has been shown for other bacteria and archaea (10, 12, 13) , and Lengke and Southam (11) have shown the intracellular precipitation of gold from Au(S 2 O 3 ) 3-by Acidothiobacillus thiooxidans. Passive gold accumulation via sulfur-and phosphorus-containing molecules (such as the carboxylates and phosphates) present in the lipopolysaccharides in the cell walls of Gram-negative dead or live bacterial cells cannot be ruled out, and such a mechanism may explain the presence of cells that were entirely covered by gold.
This study provides evidence that bacterially mediated processes contribute to the formation of secondary gold grains. The dominant group of organisms identified, Ralstonia sp., may gain a metabolic advantage by living in areas of high gold toxicity in that it uses precipitation of toxic gold complexes as a biological detoxification mechanism. It can therefore be concluded that the structures described as bacterioform gold by previous authors may indeed be of bacterial origin. 
